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Free Fatty Acid Metabolism and Obesity in Man: In Vivo in Vitro Comparisons 



S. Lillioja, J. Foley, C. Bogardus, D. Mott, and B. V. Howard 

We have examined the relationship of free fatty acid (FFA) turnover and lipid oxidation rates in vivo to the size of body 
triglyceride stores and compared these findings with the in vitro lipolytic rates of isolated abdominal fat cells. The studies 
were performed in 20 Pima Indian women 18 to 35 years of age. both lean and obese. FFA turnover rate was measured 
using a 1 -14C-palmitate infusion, lipid oxidation rate by indirect calorimetry using a ventilated hood, body composition by 
underwater weighing with correction for residual lung volume, and fat cell lipolytic rates in vitro by published methods. 
Both FFA turnover and lipid oxidation rates, expressed per kg of body fat, decreased with increasing degree of obesity (as 
measured by percent body fat) (r = -0.90, and r = -0.75, P _s 0.0001, respectively), in contrast, the rate of lipolysis 
determined in vitro, expressed per kg of fat. increased with increasing degree of obesity {r = 0.58, P < 0.01 ). A ratio of FFA 
turnover / lipolysis. which directly compares these in vivo and in vitro measurements, decreased significantly with increases 
in the degree of obesity (r - 0.81 , P < 0.0001). Furthermore, there were no positive correlations between the measures 
of in vivo FFA metabolism and in vitro lipolysis when both were expressed per fat mass, per fat cell number, or per fat cell 
surface area. The in vivo data also demonstrated that lipid oxidation could only account for 50% of the FFA disappearance 
rate. While lipid oxidation rate adjusted to the metabolic size increased with increasing plasma FFA concentration (r ~ 
0.75, P < 0.0003), the nonoxidative component of the FFA turnover failed to increase with increases in plasma FFA 
concentration {P - 0.5). We conclude that FFA is not available in vivo in proportion to the size of the triglyceride stores. The 
reason for this is not due to an inability of fat cells to release their stored triglyceride as assessed in vitro. Hence, in vitro 
measurements of fat cell lipolysis cannot be used to directly predict in vivo FFA metabolism. The large nonoxidative FFA 
disposal is likely to be important in the regulation of plasma FFA concentrations. 
<b 1986 by Gruna & Stratton. Inc. 



FREE FATTY ACID release from adipose tissue is the 
sole mechanism for the mobilization of fat cell triglyc- 
eride. Defective FFA release in obese subjects will result in 
the maintenance of large fat stores and the perpetuation of 
obesity. Excessive FFA release, on the other hand, might 
lead to increased lipoprotein formation 1,2 or a worsening of 
reduced glucose disposal. 3,4 An understanding, therefore, of 
the control of plasma FFA availability has important impli- 
cations in health and disease. The study of factors regulating 
plasma FFA availability necessarily involves not only an 
assessment of in vivo FFA metabolism, but also an assess- 
ment of the metabolism of isolated fat cells, the major source 
of plasma FFA. Tn vivo FFA availability or use, as measured 
by FFA turnover and lipid oxidation rate, assessment of body 
composition to measure total fat mass, and in vitro measure- 
ments of lipolytic rates in isolated fat cells, have not 
previously been studied in the same subjects to investigate 
possible mechanisms of regulation of in vivo FFA metabo- 
lism. 

The current studies, therefore, were designed to address 
the following questions: How is FFA availability or use 
related to the size of tissue triglyceride stores? Does the in 
vitro metabolism of isolated abdominal fat cells predict the in 
vivo FFA metabolism? We have compared measurements of 
fatly iciJ urn , i rU 1 . p i l i c i le 

try using a ventilated hood system, 6 and in vitro assessment 
of fai ceil physiology 7 in .he same subjects. 

MATERIALS AND METHODS 

Subjects 

Twenty Southwest American Indian ;Pii..a) wraen wers sc'.ccted 
to represent wide range of obesity. They were studied in the 
Phoenix Clinical Diaactcs. arm Nu or vc u They consumed a 
weight-maiiuaini.-.j! diet [45% carbohycrate, 40' '/• "a:, 1 pro.ei;. i. 
Ali subjects '' ere in good health as assessed oy a medical history, 
physical examination, and routine hematological, biochemical, and 
urine tests. None nid diabetes or impaired glucose tolerance. 8 Body 

Metabolism, Vol 35, No 6 (June), 1986: pp 505-514 



composition was estimated by underwater weighing' with simulta- 
neous determination of residual lung volume. Percent fat was 
calculated according to Keys and Brozek. 10 These results were used 
to calculate fat mass and fat free mass. All subjects gave informed 
consent, and the studies were approved by the ethical committees of 
the National Institutes of Health and the Indian Health Service, and 
by the Gila River Indian Community. Clinical data for the subjects 
are shown in Table 1. 

This report is a companion to reference 4. The numbers assigned 
to subjects in table 1 are the same as those subjects were given in 
table 1 of reference 4. 

Experimental Protocol 

After at least two full days on the metabolic unit and after an 
overnight fast, each subject had subcutaneous abdominal adipose 
tissue removed from the lateral aspect of the hypogastrium, inferior 
to the umbilicus (McBurney's point). The skin was infiltrated with 
2% xylocaine. An elliptical incision 4 cm in length was made, and a 
wedge-shaped sample of subcutaneous fat underlying the incision (5 
to 15 g) was dissected. 

After at least five days on the above diet and after an overnight 
fast of 13 to 14 hours, measurement of FFA turnover was performed 
witn simultaneous indi.-cc. ca.orimetry. Fasting insulin levels 
reported are the means of duplicate samples taken on three separate 



In Vitro Experimental Methods 

Isolated acipocyies were prepared by the coilagenase method as 
described previously. 7 
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Adipose coil size was determined by sizing osmium fixed ceils on a 
Coulter electronic counter with a 400-pm aperture 7 equipped with 
logarithmic range-expander channelyzer (Coulter Electronics, 
Irvine, Calif)- 7 

Glucose incorporation ir.to triglyceride was measured by incubat- 
ing isolated adipocytes 7 in 1 mL Krebs-Ringer bicarbonate buffer 
cc.ui.ib.-s.tcc with 95% O, ana 5% C0 2 (dH 7.4) containing 5% 
albumin, 0.5 M Ci [U- l4 C]-D-glueose and 5.5 mmol/L glucose and 8 
nmol/L insulin at 37 °C for two hours with a continuous shaking at 
40 cycles/min. The incubation was terminated by adding 300 jiL of 
8 sulfuric acid (normal concentration). Production of l4 C0 2 was 
measured as described by Gliemann," and glucose incorporation 
into triglyceride was determined by the method of Dole and 
Meinertz. 12 

Lipolysis was determined by incubating isolated adipocytes (4%) 
in 500 uL 5% albumin-Hepes buffer at 37 °C for two hours with 
continuous shaking at 40 cycles/min. The buffer contained either no 
isoproterenol or 25 nmol/L isoproterenol in the presence of 0, 12.5, 
25, 50, 100, 200, and 8,000 pmol/L insulin. The incubation was 
terminated by the oil flotation method." The incubation medium 
under the oil was taken for determination of glycerol. Glycerol was 
determined by an enzymatic assay essentially as described by 
Wieland. 13 

The concentration of insulin resulting in a half-maximum sup- 
pression of 25 nmol/L isoproterenol-stimuiated lipolysis (ED50 
antilipolysis) was calculated from equation of linear regression of 
percent lipolytic rate (+ insulin x 100/- insulin) v the log of the 
insulin concentrations at 12.5, 25, 50, 100, and 200 pmol/L. Since 
the maximum suppression of lipolysis occurred at 1 00 or 200 pmol/L 
insulin, the values at 100 or 200 pmol/L insulin were omitted if the 
values at these concentrations were at the maximum suppression of 
lipolysis. The correlation coefficient was greater than 0.95 in all 
experiments. 

Chemicals. Collagenase (type 1) was obtained from Wor- 
thington (Freehold, NJ); albumin (bovine, fraction V) from Armour 
Pharmaceuticals (Kankakee, 111); porcine insulin from Eli Lilly 
Company (Indianapolis); L-isoproterenol, L-glycine, ATP, 0-NAD, 
glycerokinase, 9-glycerophosphate dehydrogenase, glycerol, and 
osmium tetroxide from Sigma (St Louis); hydrazine hydrate from 
Fisher Scientific Company (Fairlawn, NJ); silicone oil from Union 
Carbide Corporation (New York) [U- 14 C]-D-glucose (329 mCi/ 
mmol) from New England Nuclear (Boston), mono l25 l-(Tyr A 
14)-insulin from NOVO, (Copenhagen); all other chemicals were of 
analytical grade. 

In Vivo Experimental Methods 

FFA turnover studies were performed using a modification of the 
method developed by Havel 5 using 1- 14 C palmitatc (New England 
Nuclear) as previously reported. 4 The fatty acid solution (10 mg/mL 
albumin, 0.5 M Ci 14 C/mL, 2.3 mg palmitate/mL) was infused at a 
rate of 0.5 mL/min. Sixty-six minutes before the start of the insulin 
infusion, a plasma sample was obtained for baseline FFA concentra- 
tion, and l4 C palmitate infusion commenced. Beginning 35 minutes 
after the 14 C palmitate infusion commenced, four blood samples 
were drawn over 23 minutes for determination of FFA concentration 
and specific activity. 

Previous reports suggested the FFA specific activity would be at a 
SiCad) slate at cite time of blood collection in the aforerncnrior.eu 
protocol. 5 ' 14 ' 15 In this study the mean of the coefficients of variation 
(CV), calculated for each individual, of FFA specific activity was 
7.7%. Specific activity showed no significant change over the study 
period (change = +2.9 ± 2.4%, P = 0.26). 

During tnc - 14 ( pa n it te n.^son oxygen consumption and 
carbon dioxide production were determined by open circuit indirect 
calorimetry. 6 A transparent plastic hood was placed over the sub- 



ject's head and secured around the neck with a soft collar about 30 
minutes prior to collecting the FFA samples for measurement of the 
FFA turnover. The flow rate was measured using a pneumotacho- 
graph attached to a Fleisch flow transducer (Gould, Cleveland). A 
constant fraction of the expired gases was withdrawn and analyzed 
for oxygen and C0 2 concentrations. The oxygen was measured by a 
zirconium cell analyzer and the C0 2 by an infrared analyzer (both 
from Applied Electrochemistry, Sunnyvale, Calif). The analyzers 
and flow meter outputs were connected to a desk top computer 
(Hewlett Packard, Palo Alto, Calif), which recorded continuous 
integrated calorimetric measurements over five-minute intervals. 
Nonprotein oxidation during the test was estimated from the urinary 
urea production rate. This was calculated as the urine urea concen- 
tration x urine volume/time since last voiding, on a specimen 
collected at the end of the euglycemic clamp, which followed .he 
studies (see reference 4). The nonprotein respiratory quotient 
(NPRQ) was then calculated, and substrate oxidation values were 
determined from the equations of Lusk. 16 

Calculations 

Substrate oxidation rates were calculated as previously 
described. 4 It should be noted that the constants used for lipid 
oxidation are those for the consumption of whole fat. Since this 
contains glycerol, the fatty acid oxidation (in mg) is overestimated. 
The difference would, however, be <4% if pure palmitate (RQ = 
0.696), and <1% if pure oleate (RQ = 0.706) were assumed to be 
oxidized. Lipid oxidation in mg was converted to motes using the 
molecular weight of palm hie acid, so that the data for turnover and 
oxidation could be compared directly. 

Rate of turnover of FFA was calculated assuming a steady state 5 
as infusion rate (dpm/min)/specific activity (dpm/Mmol). In this 
instance turnover rate - rate of appearance = rate of disappearance 
ofFFAs. 

Analytical Methods 

Plasma glucose concentration was measured by the glucose oxi- 
dase method using a Beckman Glucose Analyzer (Fullerton, Calif). 
Plasma insulin concentrations were determined by the Herbert 
modification 17 of the radioimmunoassay of Berson and Yalow.' 8 
FFAs were measured by a modification 20 of the method of Soloni and 
Sardina." The FFA assay was standardized by the inclusion of 
reference pools, which were calibrated by titration method of Dole 21 
as modified by Trout. 22 All samples for fatty acid determinations 
were collected in lubes containing paraoxon (1.1 mg/2 mL) and kept 
on ice at all times. 

Statistical Methods 

Statistical calculations were performed using standard programs 
of the Statistical Analysis System (SAS) Institute, Cary, NC. 
Correlations are Pearson product-moment correlations. Log trans- 
formations o" oasa, .Ipolysis, oasa. iipolysis/fat mass, z:D50 for 
antilipolysis, fasting insulin, whole body nonoxidative FFA disposal, 
and turnover/kg of fat mass were used in the correlations to improve 
liueari.y and lO decrease unequal variances. 

RESULTS 

Individual values for in vitro and in vivo measures of FFA 
metabolism and means for the group are shown in Table 1 , 
and selected correlations in Tables 2 and 3. 

In Vitro FFA Metabolism 

With increases in degree of obesity (% fat) there were 
increases in the rate of basal lipolysis per adipose ceil 
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Table 2. Relationship of % Body Fat and Fat Mass to Lipid Metabolism 







%Fat* 


Fa 


Massf 




f 


p 


r 


P 


Turnover}: 






75 


<0.0001 


Turnover/fat mass§ 


-.90 


<0.0001 


-.88 


=£0.0001 


Turnover/cell! 


-.34 


NSt 


-.43 


0.06 


Turnover/surface area* 


-.82 


rsO.0001 


~'°t 




Lipid oxidation** 


.21 






~ NS 


Lipid oxidation/fat massff 




0000* 


74 


<0 0003 


i nid ox!Gation/ceii$$ 


41 


0.07 


-.52 


0.02 


Lipid oxidation/surface 


-.70 


<0.001 


-.72 


<0.0005 


area§§ 
Lipolysis] 


.92 


==0.0001 


.93 


<0.0001 


Lipolysis/fat mass'.'. 


.58 


<0.01 


.61 


<0.005 


dpol/sls/calltf-tf 


.72 


<0.0005 


.69 


<0.001 


Lipolysis/surface area*** 


.67 


<0.002 


.66 


<0.002 



•Detarminec by underwater weighing. 

t% Fat x wt/100. 

}FFA turnover S^mol/min). 

§Turnover/fat mass (/imol/min/kg). 

|| Turnover/total body fat ceil number (^mol/min). 

UNot significant (P > 0.05). 

#Turnover/totai body fat celi surface area (/imol/min/,um 2 i. 

**Lipid oxidation rate (/imol/min). 

j+Lipid cxtdation/fat mass (/imol/min/kg). 

J JLipid oxidation/total body fat cell number (umol/rnin). 

§§Lipid oxidation/total body fat cell surface area (jumoi/min/^m 2 ). 

|| || Whole Body lipolytic rate extrapolated from in vitro data (^mol/min). 

llllLipolysis/fat mass (,umol/min/kg). 

##Basal fat cell lipolytic rate Uimol x 10~ 9 /min). 

•••Basal fat cell lipolytic rate/cell surface area (nmol x KT'V/imVmin). 



(fmol/min) assessed in vitro (r = .72, P < 0.0005) (Fig 1). 
Basal lipolysis also increased significantly with average fat 
cell size Og) (r = .85 P < 0.0001 ). The insulin concentration 
required for 50% suppression of isoproterenol simulated 
lipolysis (ED50-;tiU/mL) was significantly correlated with 
average cell size (r - .59 P < 0.01), and % fat [r = .61, P < 
0.005). 

Table 3. Metabolic Relationships of % Body Fat and 
FFA Concentration 

% Fat* FFAf 



Turnover^ 


.71 


<0.0005 


.21 


NS§ 


Turnover/FFM|| 


.07 


NS 


.72 


<0.0005 


Lipidoxll 


.20 


NS 


.69 


<0.001 


Lipidox/FFM 


-.23 


NS 


.75 


<0.0003 


Nonox# 


.50 


<0.03 


-.28 


NS 


Nonox/FFM 


.30 


NS 


-.17 


NS 


Lipidox/turnovar 


-.29 


NS 


.51 


<0.03 


Nonox/turnover 


.29 


NS 


-.51 


<0.03 


Lipidox/RMR** 


-.13 


NS 


.75 


<0.0003 



•Determined by underwater weighing. 

fPlasma free fatty acid concentrations. 

}FFA turnover (jumol/min). 

§Not significant (P > 0.05). 

|| Fat free mass (wt - (% fat x wt/100)). 

Tupio oxidation rate i|tmol/min). 

#Nonoxidative FFA uptake (turnover - lipidox, «mol/min). 
••Resting metabolic rate (kcal/min). 



In Vivo FFA Metabolism 

As shown in Fig 2, increases in fat mass were not 
associated with equivalent increases in FFA turnover as 
indicated by the significant intercept on the y axis. Hence 
FFA turnover expressed per kg of fat mass significantly 
decreased with increases in fat mass (r = -.88, P < 0.0001). 
FFA turnover per kg of fat mass also decreased with 
increases in the degree of obesity expressed as % fat (r = 




S o I 1 ■ 1 l_ 

m 10 20 30 40 50 

Percent Fat 

Fig 1 . The relationship of basal lipolytic rate per celi measured 
in vitro to degree of obesity (% fat) (r - .72, P < 0.0005 for log 
lipolysis). 
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Fig 2. The relationship of whole body FFA turnover to fat 

nass ir = .75. P == 0.0001 .} (Intercept - 289. P < 0.0001 .) 



Fig 4. The relationship of lipid oxidation rate measured by 
indirect calorimetry in vivo to the fat mass. (NS. P = 0.5). 



-.90, P s 0.0001) (Fig 3) since fat mass and % fat were 
themselves highly correlated (r - .95, P < 0.0001). 

Increases in fat mass were not associated with increases in 
lipid oxidation rate (umol/min, P = 0.5) (Fig 4). Similar to 
FFA turnover/fat mass, lipid oxidation rate per kg of fat 
mass was negatively correlated with degree of obesity (r = 
-.75, P < 0.0001). FFA turnover/fat mass and lipid oxida- 
tion/fat mass were also negatively correlated with average 
fat cell size (r - -.68, P < 0.002, r = -.65 P < 0.002). 
When FFA turnover or lipid oxidation were calculated per 
cell using the estimated total fat cell number, neither was 
correlated with % fat (r = -.34, P ~ 0 14- r = - 41 p = 
0.07). 

Larger fat cells have lower surface to volume ratios 
resulting in decreased access of the triglyceride globule to the 
fat cell cytoplasm and cell surface. Hence, we estimated the 
total surface area of the fat cells per person. When either 
turnover or lipid oxidation was expressed per total body fat 
cell surface area, the negative relationships with % fat (r = 
- .82 P < 0.0001; r = - .70, P < 0.001 ) were similar to those 
found when the data were expressed per fat mass. 



Using partial regression analysis, the relationship of FFA 
turnover/fat mass and lipid oxidation/fat mass with % fat 
persisted independently of the average cell size (r ~ - 81 
P s 0.0001; r= -.55, P< 0.02). 

Turnover per fat mass and lipid oxidation per fat mass also 
negatively correlated with the fasting plasma insulin (r = 
-.52, P < 0.02; r = -.63, P < 0.01) and weakly with the 
insulin concentration required for 50% suppression of lipoly- 
sis (r - .42, P - 0.06; r = .43, P - 0.06). 

In Vivo in Vitro Comparisons 

Since the basal lipolytic rate of isolated fat cells had 
initially been estimated per gram of fat tissue, an estimate of 
lipolysis for the whole body (whole body lipolysis) was 
calculated as (basal lipolysis per gram of fat cells) x (fat 
mass). This calculated value for whole body lipolysis is given 
in Table 1 and represented in Fig 5. In contrast to the in vivo 
measures of FFA turnover/fat mass and lipid oxidation/fat 
mass, whole body lipolysis/kg fat increased with % fat (r = 
.58, P < 0.01). When in vivo and in vitro measurements were 
equivalently expressed, there were no positive correlations 
between the in vitro and in vivo assessments of FFA metabo- 



~ 30 

5 

| 20 



20 30 40 50 



Fig 3. The relationship of plasma FFA turnover /kg of fat mass 
to the % fat (for log turnover/fat r .90, P < 0.OOO1 ). 



Fig 5. Relationship of whole body lipolytic rate (.umoL/min) 
and the % fat. drawn on the same scale as Fig 6 tr - .92 P -= 
0.0O01 for ;og lipolysis). 
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Fig 8. Relationship of whole body FFA turnover UimoL/min) 

and % body fat, drawn on tha same scaie as Fig 5 (r - .71. P < 
0.001 ). 

lism. The correlations are as follows: total body lipolysis/fat 
mass with FFA turnover/fat mass and lipid oxidation/fat 
mass (r - -.51 P < 0.05; r = -.25, P = 0.3); basal 
lipolysis/cell with FFA turnover/cell and lipid oxidation/ 
cell (r - . 1 , P = 0.7; r = 0, P - 1 ); basal lipolysis/cell surface 
area with FFA turnover/cell surface and lipid oxidation/cell 

surface (r = -.49, P < 0.05; r .30, P = 0.2). The 

relationship of whole body lipolysis (lipolysis/g x fat mass) 
and % fat (r - .92, P < 0.0001 for log lipolysis) appeared to 
be nonlinear (Fig 5), in contrast to that of whole body FFA 
turnover (umol/min) and % fat (r = .71, P < 0.0005) (Fig 6). 
To make a direct comparison between whole body FFA 
turnover determined in vivo and total lipolysis extrapolated 
from in vitro data, we calculated the ratio of FFA turnover/ 
total lipolysis. This value was significantly negatively corre- 
lated with % fat {r - -.81, P < 0.0001) and is shown in Fig 
7. Similarly, lipid oxidation/total lipolysis decreased with 
increasing % fat (r - -.81, P < 0.0001). 

Nonoxidative FFA Disposal 

In all subjects a significant amount of the FFA that 
disappeared from the plasma could not be accounted for by 




0 10 20 30 40 to 



Percent Fat 

Fig 7. The relationship of the ratio of whole body FFA 
turnover/whole body lipolysis and the % fat fr - .81. P < 

0 00O1 ). 



• FFA turnover 




0 IOO 200 300 400 500 "~ 

Plasma FFA Concentration (umol/Q 

Fig 8. FFA turnover (•) plotted against the plasma FFA 
concentration (r - .72. P < 0.0005, slope - 0.012; intercept - 5.4, 
P < 0.0001 that it is different from zero) and lipid oxidation rate 
from indirect calorimetry (O) plotted against the FFA concentra- 
tion (r - .75. P < 0.0003, slope - 0.01 5: intercept = 0.0, P - 0 that 
it is different from zero) nonoxidative FFA disposal shown as (II. 
(Mo correlation with plasma FFA P - 0.5). Slopes are not signifi- 
cantly different for the two regression lines IP ■= 0.5). 



lipid oxidation (Table 1). The mean difference between 
turnover and lipid oxidation was 4.4 with a range 1 to 9 
jumol/kg fat free mass (FFM)/min giving a ratio of lipid 
oxidation to turnover a mean of 53% (range 21% to 88%). 
Both FFA turnover and lipid oxidation expressed per kg of 
FFM correlated with the plasma FFA concentration 
(r-.72, P< 0.0005; r = .75, P < 0.0003) (Fig 8). The 
difference between these two, the nonoxidative disposal, did 
not correlate with FFA concentration (P = 0.5) or % fat 
(P = 0.2). Using partial regression analysis, FFA and nonox- 
idative disposal are significantly negatively correlated inde- 
pendent of the turnover/FFM (r .68, P < 0.002). This is 

a corrollary of the fact that lipid oxidation and FFA are 
positively correlated independent of the turnover ratc/Vrtf 
(r = .68, P < 0.002). Nonoxidative disposal per kg of fat 
mass did not correlate with triglyceride synthesis/fat mass 
(P - 0.08), estimated in vitro as the amount of glucose 
incorporated into triglyceride. 

DiSCUSSiON 

The current studies were designed to assess the relation- 
ship of FFA metabolism and the body triglyceride stores and 
to determine if the size or physiology of isolated abdominal 
fat cells might predict the relationship between FFA metabo- 
lism and the fat depot. The results demonstrate that both 
FFA turnover and lipid oxidation rates, expressed per kg of 
fat mass, were lower in the most overweight subjects indicat- 
ing that FFA availablility or use is not in direct proportio C 
triglyceride store. That the size of the fat depots has some 
influence on the FFA availability, though not on oxidation, is 
suggested by the relationship of these two measures and the 
fat mass. The in vitro basal lipolysis rates, determined in 
isolated abdominal fat cells and extrapolated to the whole f - 
mass (jimol/min) appeared to increase exponentially with 
the degree of obesity. The whole body FFA turnover (janol/ 
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min), in contrast, showed much smaller increases with 
increases in % fat. A ratio of FFA turnover/whole body 
lipolysis, which directly compares the in vivo and in vitro 
neas ei ;r)s c:.ij} eec-eased with increases in % 

fat. Thus, we were not able to demonstrate any positive 
correlations between equivalently expressed in vivo and in 
vitro data. The results also showed that there was a large 
nonoxidative component of the FFA turnover. Subjects with 
, he ilg lest plasma FFA concentrations had the highest rates 
of lipid oxidation. This relationship persisted even when the 
turnover rate was taken into account using partial regression 
analysis. It.is likely that this is a cause and effect relationship 
(see reference 4). The nonoxidative disposal, however, 
showed no such increase with plasma FFA concentrations. 
Indeed, partial regression analysis indicated that for any 
given turnover (rate of appearance), those subjects with the 
lowest nonoxidative FFA disposal had the highest plasma 
FFA. This is .he corohary of the relationship of lipid 
oxidation and FFA. Given this evidence it seems possible that 
low non-oxidative FFA disposal rates would directly reduce 
FFA clearance and hence increase plasma FFA concentra- 
tion. 



In Vivo Studies 

There are two possible mechanisms that might explain the 
decrease of turnover and lipid oxidation expressed per kg of 
fat mass with increasing obesity. The first of these possibili- 
ties is suggested by the fact that the relationship in Fig 2 is 
linear with a significant intercept, and perhaps by the high 
nonoxidative FFA disposal. These suggest that the fat mass 
may not be the only regulator of FFA supply. Alternatively, 
since in Fig 2 there are no data points less than 1 0 kg, it is 
possible that the turnover rate may become very small as the 
fat mass approaches zero. In this case the relationship of 
turnover to fat mass would actually be curvilinear, approach- 
ing an asymptote at high fat masses. In this situation the fat 
cell, or the fat cell environment, changes so dramatically 
with increases in obesity that the FFA stores are not readily 
available to the rest of the body. 

In Fig 2 the significant intercept of turnover with the fat 
mass could imply that much of the FFA turnover occurs 
independently of the major fat stores in the adipose tissue fat 
mass. Skeletal rr.uscic is kr.o*r. to contain s.gr.if.cant quanti- 
ties of triglyceride fatty acid in addition to phospholipid fatty 
acid. Denton and Randle 23 reported the triglyeride content of 
-at muscle (free of aaipose ce.ls, ,o be 1 2.0 umol of gtyecride 
giycerol/g of dry muscle. If human muscle is comparable, 
then the total fatty acid content of skeletal muscle alone, and 
not including other nonadipose tissues, might range from O.l 
to 0.2 mol from our lean to obese subjects. This is much 
smaller than the 42 to 230 mol of total body triglyceride in 
these subjects but is greater than the hourly FFA turnover of 
0.02 to 0.04 mol in the same subjects. This tissue FFA/ 
triglyceride is likely to be a source for tissue lipid oxidia- 
tion. 24 These tissues pools do not appear to be homogeneous, 
however, since lipid for oxidation can be derived either from 
pools that equilibrate with plasma FFA or from pools that do 
not equilibrate so readily. 25 Evidence for potential high rates 
II >),m, rs u e - ascle is demonstrated by the fact that 



per unit weight, the rate of lipolysis in perfused heart muscle 
is as great as that of epididymal adipose tissue. 26,27 

There is evidence that FFA does appear in the plasma 
from nonadipose tissue. Labelled FFA from bolus injections 
is found predominantly in liver and skeletal muscle. 28 This 
FFA is presumably in the same FFA/triglyceride pools that 
FFA have been shown to enter prior to oxidation in skeletal 
muscle. 24 ' 29 Other studies on the other hand have shown that 
20% to 30% of injected labelled FFA in humans leaves the 
plasma and rapidly returns. 30 This FFA cycling has also been 
noted in other studies. 5,28,31 This may not be simply plasma/ 
adipose tissue FFA cycling since only relatively small 
amounts of plasma FFA are taken up into this tissue. 28 The 
reduction of stainable lipid droplets in skeletal muscle in dogs 
within hours of stopping the excessive tissue accumulation of 
lipid brought about by norepinephrine infusions 32 would be 
consistent with a rapid exchange of nonadipose tissue tri- 
glyceride and plasma FFA. 

These data then at least allow the possibility that some of 
the FFA appearance rate could be due to FFA that is leaving 
nonadipose tissue pools that have not reached equilibrium 
with the plasma labelled FFA. 

Using indirect calorimetry we could measure the total rate 
of lipid oxidation. This was only about 50% of the total FFA 
turnover so that there was a signficant nonoxidative FFA 
disposal. Since lipoprotein synthesis can only account for a 
small fraction of the nonoxidative disposal, 1,2,33 the major 
part of the nonoxidative disposal could be net transfer of 
FFA from adipose tissue to other tissues, perhaps to replace 
FFA used during exercise 29 for example. Muscle can even 
accumulate triglyceride if FFA mobilization is excessive 32 
and heart muscle actually accumulates triglyceride during 
prolonged fasting. 23 Using the rough calculations above, the 
nonoxidative disposal averages 8% of the muscle tissue stores 
per hour ranging from 2% to 16%. It is possible that in some 
subjects such rates of lipid storage could be excessive for 
nonadipose tissues under normal conditions. An alternate 
explanation, therefore, for the nonoxidative disposal could be 
a recycling of FFA from fat free tissue back to fat free tissue. 
Adipose tissue presumably does not directly participate in 
this cycle since it does not take up significant amounts of 
plasma FFA. 

We conclude that Fig 2 raises the possibility that some of 
the FFA turnover occurs independently of the fat mass. To 
what degree it occurs is uncertain though some possible 
mechanisms exist. Figure 4 indicates that the rate of lipid 
oxidation may be entirely independent of the fat mass. 

The second possible explanation for the lower FFA turn- 
over or lipid oxidation per kg of fat in more obese subjects 
may be that there is some quality of adipose tissue, or its 
hormonal environment, that reduces the efficiency of FFA 
availability in obese subjects. The current data showed that 
the decreased surface to volume ratio of larger fat cells was 
not the reason for the decrease of turnover/fat mass or lipid 
oxidation/fat mass with increases in % fat. However, the 
estimation of whole body fat cell number cannot be regarded 
as any more than an approximation, since only fat cells of the 
abdominal depot were used. Any normalization of data to the 
fat cell number, therefore, is associated with considerable 
error. It is possible that the higher fasting insulin level l;i 
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some subjects could result in lower FFA release. Since 
fasting insulin level and ED50 for antilipolysis are correlated 
(r = .67, P < 0.002), higher insulin levels are likely to be 
offset by the greater fat cell resistance to insulin at these 
higher insulin levels. It is unclear, therefore, in these resting 
studies whr. role insulin may be playing in the lower 
turnover/fat mass or lipid oxidation/fat mass in some indi- 
viduals. 

Other adipose tissue factors, not measured in this study 
that are likely to influence FFA release, include plasma 
catecholamines, fat ceil sensitivity to catecholamines, sym- 
pathetic nervous system activity, and capillary blood supply. 

Finally, it is possible in vivo that both qualities of adipose 
tissue and its millieu and the handling of FFA by nonadipose 
tissue could be contributing to the observed FFA turnover 
and lipid oxidation. Most importantly, the data suggest that 
in obese subjects much of the increased fat stores may not be 
readily accessible to the rest of the body. Furthermore, the 
contribution of lipid oxidation to the overall metabolic rate 
was no higher in obese subjects (P = 0.6, Table 3) indicating 
a failure of obese subjects to make use of the increased stores 
of fat. 

In Vivo in Vitro Comparisons 

We compared the in vivo and in vitro measurements of 
FFA metabolism in order to see if the changes in in vivo FFA 
metabolism with obesity might be explained by the metabo- 
lism of isolated fat cells. Basal lipolysis in vitro had initially 
been measured per gram of fat cells, and it seemed reason- 
able, therefore, to multiply this by the fat mass to predict a 
whole body lipolysis rate. Basal lipolysis was assumed to be 
generally representative of the fat cells' ability to release 
triglyceride. Basal lipolysis can be stimulated by catechola- 
mines, but only under these conditions is lipolysis suppressed 
by insulin. 

The differences between the in vivo and in vitro measures 
of FFA metabolism are illustrated in Figs 5 and 6. We have 
suggested earlier that the nonadipose tissue might contribute 
to the FFA turnover. Tf this were the case, then those subjects 
with the lowest % fat (ie highest % lean) might have the 
greatest relative effect of FFA metabolism in skeletal muscle 
or liver. The data in Figs 5 and 6 suggest, however, that a 
major difference between the in vivo and in vitro measures of 
FFA metabolism occur in obese subjects in whom the 
lipolysis extrapolated to the whole body increased steeply 
with increases in % fat whereas the in vivo measures did not. 
It is possible that obese subjects have a very high capacity for 
lipolysis but that plasma or local tissue factors alter this FFA 
supply. 

The ED50 was approximately 7% (range 3% to 28%) of 
the fasting insulin concentrations. Since these fat cells were 
maximally stimulated with isoproterenol, the difference 
between the fasting insulin concentration in vivo and that 
concentration required for 50% suppression of lipolysis in 
vitro is even more striking. These data suggest that the in 
vivo fat cell hormonal environment might be quite different 
from that indicated by the plasma hormone levels. 

We suggest, therefore, that the adipose cell environment in 
vivo, particularly its distance from capillaries, which can lead 



to gradients of FFA from cell to plasma and gradient x 
hormones from plasma to cell, will limit the use of in vitro 
measurements of fat cell lipolysis in directly predicting r 
vivo fatty acid metabolism. 

Nonoxidative FFA Disposal 

Tn all subjects the total FFA turnover greatly exceeded . .-, c 
lipid oxidation, as observed by others. 33 " 36 In Fig 8 both the 
lipid oxidation and FFA turnover rates increased with 
increasing FFA concentration. The latter, however, has a 
significant intercept on the y axis. A calculation of FFA 
clearance from this data (ie turnover/FFA concentration) 
results in lower values with higher FFA concentrations. This 
fall in clearance with higher FFA has been reported by 
others. 31 This can be contrasted with the data of Galster et 
a I. 37 The relationship of turnover of FFA to plasma FFA in 
the resting state is similar to that in our data. When FFA 
levels were raised however, with norepinephrine, the FFA 
clearance was either constant or it increased. The simple 
calculation of turnover/FFA concentration in Fig 8 demon- 
strates that this is not what would be predicted from the 
group regression in the resting state in our data (or theirs). 
Since in our data, the nonoxidative FFA disposal did not 
increase with increases in plasma FFA levels, we speculate 
that the plasma FFA levels produced by a given FFA 
appearance rate (turnover) are much higher than they would 
have been. This speculation is supported by the partial 
regression analysis, which demonstrated a significant nega- 
tive correlation of FFA and nonoxidative disposal indepen- 
dent of the turnover rate (ie, for any given rate of FFA 
appearance, the highest FFA concentration was in the sub- 
jects with the lowest nonoxidative disposal). Figure 9 is a 




Plasma FFA Concentration 



Fig 9. Actual relationship of lipid oxidation rate to plasma FFA 
concentration (line Z). Actual relationship of turnover to plasma 
FFA concentration (Line Y) (clearance decreases with increases in 
FFA concentration). Relationship of turnover to plasma FFA >f 
clearance does not decrease with increases in plasma FFA L\s.n 
X). Actual nonoxidative metabolism (Y-Z) is representee by 
Nonoxidative metabolism for constant value of FFA clearance as 
plasma FFA and turnover increase (X-Z) represented by (A), it can 
be seen that at a given turnover plasma FFA concentration is 
considerably higher in the absence of an increased nonoxidative 
disposal. 
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theoretical representation of the relationships of FFA turn- 
over and plasma FFA concentration, which explains why 
subjects with higher plasma FFA have lower clearance of 
FFA v hile r usi ig I FA - ith ncrepi lephrinc infusions is not 
associated with a reduced FFA clearance. These data sug- 
gest a critical role for the nonoxidative FFA disposal in 
regulating FFA concentrations. As discussed earlier this 
nonoxidative process is likely to be reesterification of fatty 
acid particularly in skeletal muscle or liver either as net 
transport of FFA from adipose tissue to these tissues or as a 
substrate cycle of plasma FFA/tissue triglyceride. 

A possible regulatory mechanism for this nonoxidative 
disposal is suggested oy studies during total parer.tsrr.il 
nutrition. 34 In these studies increasing carbohydrate loads 
reduced lipid oxidation more than turnover (ie, nonoxidative 
disposal increased). Hence, the supply of glucose might have 
encouraged triglyceride synthesis by supplying alpha-glyc- 
erol phosphate. 38,39 Improved tissue supply of glucose might 
also explain why the treatment of diabetes appears to 
improve FFA clearance more than reducing FFA turn- 
over. 36 

In summary, the significant nonoxidative FFA metabo- 
lism demonstrated in these and other studies is likely lo play 
an important role in regulating plasma FFA concentrations. 
What the mechanisms for the control of this process might be 
are not fully known at this time. 

CONCLUSION 

The data indicate that fatty acid availability or use per kg 
of fat actually decreases with increasing obesity. This could 
be due to a contribution of nonadipose tissue triglyceride to 



the FFA turnover and lipid oxidation. Even more likely, 
however, is that plasma or local tissue factors in obese 
individuals prevent fatty acid from becoming available in 
spite of increased stores. This was also suggested by the 
findings in vitro. These data suggested that tne fat celis were 
more than capable of releasing large amounts of FFA in 
obese subjects but apparently failed to do so in vivo. These 
results indicate that in obese subjects much of the increased 
fat store may not be accessible to the rest of the body. 
Furthermore, in vitro measurements of fat cell lipolysis 
cannot be used to directly predict in vivo fatty acid metabo- 
lism. Finally, these data indicate that there is a large 
nonoxidative fatty acid disposal that may be important in the 
regulation of the plasma FFA concentration. 

The current study was performed in Pima Indian women. 
As a racial group they are characterized by several metabolic 
abnormalities, particularly a high prevalence of obesity and 
diabetes mellitus. Whether the current data is applicable to 
Caucasian women is currently under investigation. We have 
no data on FFA turnover available in males. 
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